Abstract. Following the α decay of 233 U, 229 Th recoil ions are shown to be extracted in a significant amount from the MLL buffer-gas stopping cell. The produced recoil ions and subsequent daughter nuclei are mass purified with the help of a customized quadrupole mass spectrometer. The combined extraction and mass-purification efficiency for 229 Th 3+ is determined via MCP-based measurements and via the direct detection of the 229 Th α decay. A large value of (10 ± 2)% for the combined extraction and mass-purification efficiency of 229 Th 3+ is obtained at a mass resolution of about 1 u/e. In addition to 229 Th, also other α-recoil ions of the 233,232 U decay chains are addressed.
Introduction
Since it was proposed that the isomeric lowest excited nuclear state of 229 Th could have an interesting application as a highly stable nuclear-based frequency standard [1] , there has been an increasing interest in the direct detection of the corresponding ground-state transition and a precise measurement of its energy.
229 Th was first considered already in 1976 by Kroger and Reich [2] to possess a low-lying nuclear excitation. The energy was then inferred to be 3.5 ± 1 eV [3] and more recently corrected to 7.6 ± 0.5 eV (163 ± 11 nm) [4] . Both measurements were based on double differences of higher-lying rotational γ transitions and have to be considered as indirect measurements. The measured energy is very low compared to energies typically involved in nuclear processes and even matches typical energies of atomic shell transitions. Actually it is the lowest nuclear excitation presently known in the landscape of atomic nuclei. Therefore, it potentially allows for the application of laser spectroscopic methods. The predicted value for the half-life significantly depends on the energy of the isomeric transition and the electronic surrounding, as internal conversion (IC) effects and bound internal conversion (BIC) effects are expected to play a significant role. If internal conversion is allowed by the electronic environment, the isomer is expected to predominantly decay via the IC channel (α IC ≈ 10 9 ) and the halflife is predicted to be as short as 10 −5 s [5] . In case that IC is suppressed, but BIC has to be considered, life-times of minutes to hours have been predicted [5, 6, 7, 8] . A BIC decay enhancement factor of 400-600 compared to the radiative decay was estimated for a 3.5 eV isomeric transition energy [6] . Assuming an experimental setup, which allows for the suppression of the IC decay channel, the expected long half-life would cause the linewidth of the ground-state transition to be exceptionally small (of the order of ∆E/E ≈ 10 −20 ). These properties, combined with an expected high resistance against variations of external electric and magnetic fields [9] , render the isomeric transition a promising candidate for a nuclear-based frequency standard. However, in order to gain an optical access to the transition, the corresponding wavelength has to be known to higher precision. To ultimately prove the existence of the isomeric transition and to further improve the knowledge about its energy, a direct detection of the ground-state transition has been envisaged by several groups [10, 11, 12, 13, 14] .
Most recently, a direct detection was claimed by X. Zhao et al. [15] , but the result was stated doubtful [16] . In the approach of Ref. [15] , 229 Th recoils, as produced in the α decay of 233 U, were implanted into a MgF 2 crystal. As there is a 2% α-decay branch into the isomeric state, the corresponding γ decay fluorescence of 229m Th is expected to be detectable. There are several sources of background radiation discussed by X. Zhao et al., one caused by the implantation of short-lived daughter nuclei from the 233 U as well as 232 U decay chains.
232 U always has to be expected as a small impurity in 233 U sources, caused by the radiochemical production process. Due to the shorter half-lives of 232 U (68.9 yr) and 228 Th (1.9 yr) compared to 233 U (1.592 ·10 5 yr) and 229 Th (7932 yr), respectively, the activities of the decay chains below thorium are of the same order of magnitude. In order to exclude background radiation in form of Cherenkov light and scintillation, the source used by X. Zhao et al. was chemically purified to remove more than 99.99% of the uranium daughters. Measurements were performed with this source for up to 140 days after chemical purification. It has been argued in [16] , that the ingrowth of the daughters into this source may have been large enough to still lead to a significant background radiation and therefore may have diluted the radiation caused by the isomeric decay.
Background radiation caused by the short-lived isotopes of the decay chains of 233 U and 232 U, respectively, has so far been a problem in all approaches of searching for the isomeric transition following the α decay of 233 U [17, 18] . Our experimental approach is aiming for a conceptual solution of this problem by allowing for a mass purification of the recoil ions leaving the uranium source. Therefore, the recoil ions are stopped with the help of a buffer-gas stopping cell. Subsequently, a low energy ion beam is formed, allowing for mass separation with the help of a quadrupole mass spectrometer. It is then envisaged to collect the mass purified ions on a 50 µm diameter, MgF 2 coated collection electrode. This coating is expected to support the radiative decay, as the effect of quenching should be suppressed. Further, thorium, when implanted into the MgF 2 crystal, should prefer the 4 + charge state and therefore internal conversion is expected to be energetically forbidden. The isomeric γ decay, if it exists, will take place from this point-like source and therefore will allow for applying highly efficient VUV optics, leading to a good signal to background ratio and open up the possibility of a more precise wavelength determination [19] .
It is obvious that the extraction and mass-purification efficiency is of major interest for this experimental concept. Therefore, significant experimental effort was put in the determination and optimization of the ion extraction system. In the following section the experimental setup of the ion extraction system is described.
The ion extraction system
A conceptual sketch of the ion extraction system is shown in fig. 1 . The index numbers given in the text correspond to the numbers indicated in this sketch. The optimized extraction voltages are listed for each electrode.
In the described experimental approach, the isomer 229m Th is populated via a 2% decay branch in the α decay of 233 U. 200 kBq of 233 U (UF 4 ), evaporated onto a 20 mm diameter aluminum plate, acts as an α-recoil source (1). The source is placed inside a buffer-gas stopping cell (2), fully designed to ultra-high vacuum standards and bakeable up to 180
• [20] . After baking for 48 hours at 130
• , a typical pressure of 2.8·10 −10 mbar is reached. The cell is then flooded with 40 mbar of ultra-pure helium 6.0, which is further cleaned by catalytic purification (to the ppb level) and a cryo trap, filled with liquid nitrogen. The gas tubing was electropolished to achieve the highest cleanliness. All α-decay recoil nuclei, which leave the source, are stopped within the gas. The stopping range for 229 Th recoil ions in the helium gas was calculated using TRIM [21] to be about 10 mm. The highly pure environment of the vacuum system is required to allow for a significant fraction of the recoil ions to survive the stopping and subsequent extraction as (multiply) charged ions. As will be shown later, the high cleanliness in our setup enabled the extraction of 229 Th recoil ions even in the 3+ charge state.
An electrode system inside the gas cell provides a guiding field, designed to drag the stopped ions fast and efficiently towards an extraction nozzle. Fig. 1 . Conceptual sketch of the ion extraction system designed for the highly efficient extraction and low-energy ion beam formation from a 233 U α-recoil ion source. The optimized extraction voltages are indicated for each electrode. The overall length of the system is about 85 cm. A description of the extraction system is given in the text.
of 39 V, in order to push the ions towards an electric funnel system (3). The source is placed directly in front of the electric funnel in order to provide a short extraction path for the α-recoil ions. The funnel system consists of 50 ring electrodes, converging in diameter towards the extraction nozzle. The electrodes are provided with a DC voltage gradient of 4 V/cm and RF voltages (220 V pp , 850 kHz), alternating in phase by 180
• . The DC voltage guides the ions towards the chamber exit, while the RF voltages lead to a repelling force, preventing those ions, that are stopped off-axis, from discharging at the funnel electrodes.
The exit of the stopping cell is formed by a supersonic Laval nozzle with a 0.6 mm diameter nozzle throat and a voltage offset of 2 V (4). The helium gas is extracted from the cell through this nozzle, forming a supersonic gas jet when entering a second vacuum chamber with an ambient pressure of typically 2 · 10 −2 mbar. When the gas jet is formed, the recoil ions are dragged away from the electric field lines and enter the extraction chamber together with the carrier gas. Here they are injected into a radio frequency quadrupole (RFQ) system (5), by which they are radially confined, resulting in the formation of an ion beam. The ambient helium pressure leads to a phase-space cooling of the beam, resulting in the formation of a sub-mm diameter recoil-ion beam at the RFQ exit. The extraction RFQ rod system is segmented into 12 parts, to each of which a separate DC voltage can be applied, in order to drag the ions through the helium background. The voltage gradient applied is 0.1 V/cm, where the last 3 rods are set to 0 V offset. The RF amplitude is 200 V pp at a frequency of 880 kHz for 10 mm inner rod distance. Within earlier measurements [22] , the extraction time from the buffer-gas stopping cell was determined to be in the range of a few ms (3-5 ms were obtained). Combined with the high cleanliness of the system, this fast extraction allows the ions to stay (multiply) charged. At the same time, isomeric half-lives well within the ms range can be probed.
At this point, all α-recoil isotopes of the decay chains are extracted, however having formed an ion beam, mass separation may be realized with the help of a customized quadrupole mass spectrometer (QMS) (6) shown in fig. 2 . The QMS was designed aiming at a maximum transmission efficiency, while suppressing the short-lived isotopes of the 232,233 U decay chains. This includes all isotopes below 229 Th and 228 Th, respectively. The mass difference between neighbouring isotopes in the decay chains is 4 u, therefore, a mass resolving power of better than 2 u at mass 229 u was envisaged to safely allow for the suppression of the short-lived isotopes. This leads to the requirement of a mass resolving power of m/∆m ≥ 115 at a high transmission efficiency. For this reason, a QMS was built with 18 mm rod diameter and inner rod distance of 15.96 mm. The length is 30 cm with further 5 cm long segments at the entrance and exit, acting as Brubaker lenses [23] . Besides a 2 mm entrance diaphragm, which was set to -1 V, a voltage offset of -2 V for the entire system was applied. The design values were taken from [24] , where also a detailed analysis of the mass resolving power was made. Measured at 10% of the peak maximum, a mass resolving power of m/∆m = 160 was found for 90% transmission efficiency. In our measurements for 229 Th 3+ at m/∆m = 150 (corresponding to ∆m/q = 0.5 u/e), more than 70% transmission efficiency could be obtained, as can be seen in fig. 3 , where the QMS transmission efficiency as a function of the mass resolving power is shown. Therefore our QMS fulfills the given requirements.
After mass purification, exclusive collection of the 229 Th recoil ions onto a small, nearly pointlike collection surface is targeted, in order to allow for installing an efficient vacuum ultra-violet optical system for the final identification of the isomeric fluorescence of 229m Th. To extract the ions from the QMS and guide them towards the collection surface, a nozzle-like system of 3 electrodes with an opening of 2 mm diameter (7) was developed. The voltages applied here are -2 V, -62 V and -22 V, respectively.
The combined ion extraction and purification efficiency of α-recoil ions from the 233 U α decay was determined behind the triodic extraction system (7) by two different detection techniques. In the process of optimization, a micro-channel plate (MCP) detector was used for direct ion counting. After the most efficient operational parameters had been identified, a silicon detector was used to eval- uate the efficiency by observing the α-decay rate of collected 229 Th ions.
3 Determination of the 233 U source α-recoil ion activity Before determining the actual extraction and purification efficiencies of the setup, the effective thorium recoil activity of our 233 U source has to be quantified. For completeness, not only 229 Th, but also all other α-recoil ion species of the source will be considered in the following. This allows for a discussion of ion extraction efficiencies as a function of their chemical properties. For this purpose, measurements of the α-recoil ion activities were performed. These measurements are then compared with model calculations based on stoppimg powers according to Ziegler, Biersack, Littmark (ZBL, [25] ). Two different calculations are performed and compared afterwards. First a fully amorphous source structure is assumed as calculated based on TRIM simulations [21] . In a second step, a polycrystalline source structure is assumed and simulated with the help of the MDrange program code [26] . We find, that the measured high α-recoil ion activity of the 233 U source strongly indicates a polycrystalline source structure. Such structures are typically not found in electroplated sources [27] , so we attribute this finding to the special production process of the 233 U source via the evaporation technique. (3) While in this context the 231 Pa, 238 Pu and 239 Pu fractions are only of minor importance, the 232 U fraction plays a significant role in the interpretation of the performed measurements. The decay chain products of 232 U are also used for α-recoil ion efficiency estimations. The different ion species to be considered for this purpose can be inferred from the decay chains of 233 U and 232 U, respectively, as shown in fig. 4 .
In order to estimate the source activities of all isotopes contained in the 232,233 U decay chains, the different half-lives involved have to be taken into account. The full 232 U decay chain is inferred to be in equilibrium, while an equilibrium in the 233 U decay chain only occurs from 229 Th downwards. This leads to a significant difference between the activities of 233 U and 229 Th in the source material. Besides the 233 U source activity, the corresponding non-equilibrium factor needs to be known for any estimation of the α-recoil ion efficiency. Further, the fractional abundance of 232 U is important for the estimation of the recoil efficiency for the corresponding decay chain. In order to obtain these values, two measurements were performed. First a γ-ray energy spectrum of the source material was taken in 2007 with the help of a germanium detector (where resolution at the time suffered from neutron damage), second an α-ray energy spectrum of the source was taken with a silicon detector (Ametek type BU-017-450-100, thickness 100 µm, active area 450 mm 2 ) in 2014. Effectively a surface of 22 mm diameter was used for detection.
The γ-ray energy spectrum is shown in fig. 5 . It allows for a determination of the 229 Th to 228 Th activity ratio. For this purpose, the integrals over all γ-ray lines were corrected for the line intensities, branching ratios and detection efficiencies to obtain the relative activities of the nuclei contained in the source. In order to allow for the correction corresponding to the detection efficiencies, the equilibrium of the 232 U decay chain was used. In this way, the activity ratio of the decay chains at the time of the measurement in 2007 was determined to be
The direct α-energy spectrum, as obtained after 1 hour of measurement at a distance of 5 mm in front of the source, is shown in fig. 6 . This spectrum allows for a determination of the time since chemical purification of the source material, as well as of the absolute source activity. For this purpose, the 233 U to 229 Th activity ratio is measured to be R 2 = A233 U /A229 Th = 250 ± 10, based on a comparison of lines 1 and 16 in fig. 6 . The age of the source material is then calculated to be t = 1/(λ229 Th ·R 2 ) = 45±5 years and was therefore produced around 1969. The absolute 233 U α activity of the source is obtained to be (200 ± 10) kBq, which is slightly below the design value of 228 kBq. The errors in these measurements are dominated by the knowledge about the distance between the silicon detector and the source, as well as the choices for the integration limits.
Having all these numbers at hand, the source is quantitatively well under control. material at the time of radio-chemical purification about 45 years ago, making use of the equation
Thus the absolute number of 232 U nuclei at that time was 8.85 · 10 11 . These parameters are subsequently used as input parameters to model the time evolution of the source activity with the help of the Bateman equation [32] . This equation generally describes the population of isotopic species in a decay chain as populated by one mother nuclide, it reads
Here N k is the number of nuclei of the k-th element in the decay chain, λ k is the corresponding decay constant, b k is the corresponding branching ratio and N 0 the starting number of nuclei. The results are shown for 2014 in table 3.
Measurement of the α-recoil ion activity
The α-recoil ion activity of the 233 U source is significantly smaller than its α activity, as the energies of the recoil ions scale accordingly to their mass as E rec = E α · m α /m rec . Therefore, the travel length of the ions within the source material is short and a significant fraction of the α-recoil ions does not leave the source material itself. Measurements were performed to estimate the α-recoil ion efficiency of the 233 U source in use, however, the recoil efficiency for 229 Th could not be observed directly. The reason is, that the source material in use has not been radio-chemically purified within about 45 years and the α-recoil ions originating from the short-lived isotopes lead to a significant background signal hindering the direct detection of the 229 Th α decay. The main contribution to this background is due to the 225 Ac activity on the silicon detector, successively populated by the 225 Ra decay. This activity is expected to be significantly reduced after about 150 days of decay, which then might allow for a direct measurement of the 229 Th activity on long time scales.
Instead, the α-recoil ion activities of the 233 U source were determined for some of the shorter lived isotopes in the 232,233 U decay chains, namely 225 Ra, 224 Ra and 221 Fr (please note that 225 Ra, while itself being a β − emitter, is produced via the α decay of 229 Th and therefore the 233 U source does possess a corresponding α-recoil activity). The short halflife of 221 Fr did allow for a repetition of the measurement and therefore for some systematic study. The α-recoil ions were directly implanted into the silicon detector. For recoil ion implantation, the detector was placed in a central position within 5 mm distance to the 233 U source. The decay of the implanted recoil ions was measured in a sideways position, without a direct line of sight to the source. For this purpose, the silicon detector was mounted movable onto a linear stage. The minimum time required for shifting between both positions was about 60 s, which still allowed for the measurement of the 221 Fr decays. Implantation times of typically 15 min. followed by 15 min. measuring time were chosen. Finally, a long implantation of 5 days was performed, which successively allowed for the determination of the α-recoil ion activities for the isotopes of longer half-lives. A corresponding α-energy spectrum is shown fig. 7 . This spectrum contains the decays of 1 day of measurement after 5 days of implantation and 1 further day of decay. When evaluating the α-recoil ion implantation measurements, care has to be taken when calculating the number of detected α decays backwards to the number of recoil ions emitted from the source, as the α-recoil ions are not emitted into all directions with equal intensity. Instead, the forward direction is strongly favoured, as the recoil ions emitted into this direction have to overcome the smallest amount of source material. The fact that this has indeed a significant effect was shown in a separate measurement, in which the accumulated α-recoil ion activity was compared for two different implantation positions of the silicon detector. At first, the silicon detector was positioned 20 mm off axis from the source, at second a central position was chosen. For an assumed isotropic recoil ion distribution, the expected activity ratio between these measurements would be 0.148, based on numerical ray-tracing simulations taking the extension of the source and the detector geometry into account. This value could be confirmed by comparing measurements of the 233 U α decay in the same detector positions, where an activity ratio of 0.142 was obtained. In case of the 221 Fr recoil ions, however, the same ratio reached a value of 0.070, thus strongly indicating an enhancement of the recoil ion activity in the forward direction. Model calculations for the α-recoil ion distribution as discussed in sect. 3.3 were applied to account for this effect.
The absolute numbers of measured α-recoil activities are given in table 4, together with the resulting recoil efficiencies of the 233 U source. It turns out that the measured values are well in agreement and distributed around 5.5 %. In order to compare these values with theoretical predictions, model calculations were performed and will be discussed in the following section.
Model calculations for α-recoil ion efficiencies
In order to compare the measured α-recoil ion efficiencies as given in table 4 with theoretical expectations and to provide realistic estimations for the number of recoil ions of the isotopes, which could not directly be measured, some model calculations were performed. For this purpose, the ZBL stopping power [25] was applied for two different source structures. First a fully amorphous source material was assumed, as simulated with the help of TRIM [21] , second a more sophisticated model was applied, assuming a polycrystalline UF 4 source struc- ture. The latter simulations were performed with the MDrange program code [26] for different crystal sizes ranging from 10 to 100 nm. It turned out, that a polycrystalline source structure with (80 ± 10) nm crystal size is able to reproduce the measured α-recoil efficiencies. With the help of these simulations, values for the stopping length s in the source material, as well as the standard deviations in longitudinal (σ lo ) and transversal (σ tr ) directions were obtained. As these values vary with the energy of the recoil ion as well as the atomic number, simulations were performed for each isotope separately. These values were then used to model the probability density of the stopped ions by a 3 dimensional gaussian function. The fraction of ions, which leave the source, is then calculated as a function of the α-decay depth r in the source material and the recoil direction described by a polar angle θ by integrating this gaussian function over the half space, in which no source material exists. In order to account for the dependency on r and θ, the gaussian function is accordingly turned and shifted. The corresponding integral is analytically solved. The result is shown in eq. 6. Herein, erf denotes the error function, the meaning of all variables is visualized in fig. 8 . The obtained transmission function of eq. (6) tion of α-recoil ions, which are able to leave the source for a given source thickness d via the integral
In table 5, the calulated F -values based on the TRIM as well as the MDrange simulations are compared with the measured recoil efficiencies, as obtained in the previous section. Surprisingly, the data based on the TRIM simulations lead to a significant underestimation of the α-recoil ion activity of the 233 U source in use. In order to investigate this behaviour in more detail, further comparisons of measured and simulated α-recoil ion activities were Table 6 . Measured and simulated α-recoil efficiencies for the 8 different 238 U sources investigated in [27] . The TRIM simulations systematically overestimate the actual recoil activities. The dominant factor of overestimation is 1.5. The deposited material of all sources is UO2, except for EU-3, for which UO2 was ignited under air to produce U3O8. performed. As the described source is the only one at hand, we applied the model calculations to U sources whose α-recoil ion efficiencies were obtained by T. Hashimoto et al. [27] . In this investigation eight 238 U sources (UO 2 and U 3 O 8 with different 235 U contents) were electrodeposited with different thicknesses onto 20 mm diameter mirror polished stainless steel plates and probed for their 234 Th recoil-ion efficiency. The results of the comparison are listed in table 6. This comparison reveals, that for all considered sources the calculated α-recoil ion efficiencies based on the TRIM simulations systematically overestimate the actually measured efficiencies. This is the opposite of what was found in the investigation of our source. While a reduction of the α-recoil intensity might easily be explained, e.g., by some depostion of the solvent used in the process of electrodeposition, an enhancement above the level as calculated based on TRIM simulations cannot as easily be explained. The only explanation we find is based on the conceptionally different production processes of the considered sources. While the sources used in [27] were electrodeposited, the 233 U source in use here was evaporated onto the substrate. While the latter process is known to be significantly cleaner, it may also have led to the build up of a polycrystalline surface. This, moreover, would allow for a significantly enhanced recoil activity due to the possibility of channeling. The MDrange simulations take exactly this effect into account and reveal that the assumption of a polycrystalline surface with about 80 nm crystal sizes could indeed explain the measured α-recoil ion activity. For this reason, the recoil activities are calculated based on the MDrange simulations.
For all isotopes of the 232,233 U decay chains, the values for the stopping length s as well as the standard deviations σ lo and σ tr are listed in table 7 together with the assumed recoil ion energies (only the dominant α-decay energies were taken into account) and the fraction of ions F , which is able to leave the source material according to eq. (7) for a given source thickness of d =360 nm.
The estimated recoil efficiency F for 229 Th amounts to 5.34 · 10 −2 , leading to an absolute number of (10.7 ± 1.1) · 10 3 recoil ions per second entering the active volume of the buffer-gas stopping cell. Here, the error was estimated to be 10%. An overview of the obtained values of activity, α-recoil efficiency F and absolute α-recoil activity of the 233 U source is given for all isotopes in table 8.
It should be pointed out that for our source there is no significant transmission above a source thickness of 150 nm. Typically, this value is even a factor of 3 smaller. As the source in use here is significantly thicker, the error of the recoil efficiency is not influenced by the error of the source activity. Obviously, a thinner 233 U source would be advantageous from the point of view of the recoil efficiency. Indeed, it is planned to replace the existing source with another one of 260 kBq activity, electrodeposited onto a larger surface area of 90 mm diameter (limited by the inner funnel diameter of 115 mm). For this source a thickness of 16 nm could be achieved for U 3 O 8 . However, as the technique of source evaporation is not available anymore (the radioactive target laboratory with its evaporation facilities was dismantled in the mean time and no other facility allowing for evaporating nuclear fuel-type target materials is known to us), the envisaged production process of electrodeposition will lead to a significant reduction compared to the maximum α-recoil activity that could theoretically be reached. Based on the assumption of an amorphous source, the maximum achievable recoil efficiency (based on TRIM simulations for U 3 O 8 ) is 2.8 · 10 −1 , thus leading to an absolute recoil activity of 72800 s −1 , which is a factor of 6.8 more intense than the present source.
Implanted α-recoil ion activity
As it turns out, in addition to the α-recoil ions directly emitted from the 233 U source, also the α-recoil ions as emitted from the source's surrounding due to recoil ion implantation play a non-negligible role. While the buffer-gas stopping cell is held under vacuum, the α-recoil ions are continuously implanted into the surrounding metal surfaces. Due to the implantations, these surfaces themselves become α-recoil ion emitters. In the following, the significance of this effect will be estimated.
α-recoil ions of all isotopic species as contained in the 232,233 U decay chains and emitted by the source due to α decay are implanted into the surrounding metal surfaces in parallel. If we denote the implantation rate for the k-th isotope of the decay chain as k , the system of differential equations to be solved in order to estimate the implanted activity readṡ
. . . 
As soon as buffer gas enters the system, the accumulation of α-recoil ions into the surrounding surface stops. At that point the usual isotopic decay takes over, as described by the Bateman equation (5), but this time not only one isotope populates the decay chain. Instead, there are non-zero starting values N k (0) = 0 for all isotopes of the chain. This is taken into account by successive summation over the Bateman equations, describing the population caused by individual starting isotopes. The 8.3 ± 0.8 Table 8 . Calculated α activities as well as α-recoil efficiencies and absolute α-recoil activities for all isotopes of the decay chains of 233 U and 232 U, as contained in the α-recoil ion source used.
corresponding solution formula reads
.
(10) The complete solution of the system of differential equations (8) is given as the sum of the solution formulas (9) and (10) 1
(11) These equations are used for the calculation of the implanted source activity. For k , the recoil activities as listed in table 8 are used. It is assumed that due to the short implantation depths, about 1/4 of the α-recoil ions is able to leave the metal surface. These ions are again implanted into the surrounding metal surfaces, so that they still contribute to the population of the next decay level. The calculation reveals that after about 150 days the surface activity has reached an equilibrium state dominated by the 225 Ra and 225 Ac decays. The numbers of accumulated isotopes N 0 , as well as activities A 0 and recoil activities 0 as obtained after 150 days of continuous accumulation, are listed in table 9. As soon as buffer gas enters the system, the α-recoil ion implantation stops and the surface activity starts to decay in accordance with eq. (10). This decay leads to a time dependence of the implanted recoil activity. Isotopes with short half lives are fast decaying, until they reach an equilibrium in accordance with the longer half lives of 225 Ra and 225 Ac. The activities A surf and recoil activities surf after 1 hour of free decay are also listed in table 9. 1 hour is chosen as being a typical time at which measurements were started, and also a quasi-equilibrium state is reached for the recoil rates of all isotopes which were actually measured. This time, the branching ratios b k were used to account for the fact that for all α decays 1/4 of the recoil ions leave the surface and therefore do not populate the next decay level. Finally, the surface recoil activities surf are added to the recoil activities of the 233 U source as listed in table 8 to give the total expected α-recoil ion rate total . This analytic discussion reveals that the surface activities are non-negligible.
The results will be compared with extraction measurements in sect. 4, in order to quantify the extraction efficiency. All measurements were taken with the detector system placed behind the extraction electrodes (7) in fig. 1 . In this way, a combined extraction and mass-purification efficiency was determined.
The special case of 220 Rn
In the above considerations the special case of 220 Rn as a noble gas was neglected.
220 Rn, as contained in the decay chain of 232 U, could potentially outgas from the bulk material of the source and therefore significantly enhance the extracted amount of 216 Po, while at the same time reduce the extracted amounts of all remaining daughter isotopes.
As any 220 Rn, which outgasses from the source, is expected to be neutral, it will not be extracted from the stopping cell by the electrode system. Instead it will be floating around in the gas cell, until it is randomly extracted with the He buffer gas. From Laval-nozzle theory [28] , the gas flow through the nozzle Φ He is known to be 1.70 · 10 20 He atoms per second at 40 mbar cell pressure. Comparing this to the absolute number of He atoms in the stopping cell N He = 1.60 · 10 22 leads to the fraction of extracted atoms per second λ extr = Φ He /N He = 0.0106 s −1 . This allows one to calculate the expected number of Rn atoms as contained in the He buffer gas in equilibrium N Rn . The corresponding differential equation to be solved is
Herein λ dec and λ extr take account for the loss of Rn atoms due to decay and extraction, respectively, while sour is the term of constant Rn production from the source (185 s −1 if all Rn atoms were able to leave the source material). Solving this equation and taking the limit t → ∞ leads to the number of Rn atoms in equilibrium to be
The predicted Rn activity in the He gas in case of degassing would therefore be A Rn = λ dec ·N Rn,equ = 100 s −1 . The 216 Po isotopes produced in these decays are expected to be stopped in the He buffer gas and, as opposed to the Rn, they will be charged and Table 9 . Calculated numbers (N0) of isotopes as contained in the metal surfaces of the surrounding of the 233 U source due to α-recoil ion implantation. The values are given together with the corresponding activities (A0) and estimated α-recoil ion rates ( 0) after 150 days of continuous implantation, when an equilibrium has been reached. The values A surf and surf give the calcuated activities and α-recoil activities of the surface 1 hour after the accumulation was stopped due to buffer gas inlet. The values surf were added to the calculated 233 U source α-recoil ion activites as listed in table 8, in order to yield the total estimated α-recoil ion activity total of the system . therefore efficiently extracted by the electrode system. An extraction rate of up to 100 s −1 for 216 Po can be expected, which is a factor of 7.5 above the value of 13.3 s −1 as predicted without considering the degassing of 220 Rn from the source. Further, as practically all 216 Po should be extracted, the extraction rates of the daughter products are expected to be significantly reduced.
Experimentally, however, no enhanced extraction rate of 216 Po is detected and instead the system behaves in a way as if no outgassing of 220 Rn from the source occurs. To explain this behaviour, ultimately the diffusion of Rn in UF 4 needs to be discussed. However, there is no data available in literature which would allow for a proper discussion of the diffusion rate. Instead, at this point an upper limit of the expected Rn diffusion is estimated by comparison with the diffusion of Xe in UO 2 . The Xe diffusion coefficient in UO 2 has been well measured to be below 10 −17 cm 2 s −1 at a temperature below 700 K [29] . As the atomic radius of Rn is larger than that of Xe and the temperatures in our setup are significantly lower, this value is taken as an upper limit for the diffusion coefficient of Rn in UF 4 . The diffusion flux J is calculated for the known diffusion coefficient D from the concentration gradient dC/dx as J = −D · dC/dx [30] . The maximum gradient is obtained, if no diffusion occurs. In this case 1.5 · 10 4 Rn atoms are contained in the source material of a volume of 1.1 · 10 −4 cm 3 . Assuming for simplicity, that a linear density decrease starts to occur at 50 nm distance to the surface, one obtains −dC/dx ≈ 2.7 · 10 13 cm −4 . Thus, the particle flux through the surface of the source caused by diffusion is estimated to be below 2.7 · 10 −4 Rn atoms per second and therefore the release of Rn from the source is significantly dominated by the recoil process. No corrections to the results as given in table 9 have to be applied.
Determination of the extraction efficiencies
It is obvious that a large total extraction and purification efficiency for 229 Th from the buffer-gas stopping cell is of major importance for the success of the experimental approach to directly measure the isomeric to ground-state decay of 229m Th. So far, only estimates could be given [19] , based on our own experience with the stopping and extraction of elements other than thorium and based on the findings by the IGISOL group in Jyväskylä [31] . Here we report on a measurement of the combined extraction and mass-purification efficiency for 229 Th 3+ ions from the MLL-IonCatcher buffer-gas stopping cell. Also all other α-recoil ion species in the 232,233 U decay chains are considered.
MCP detector measurements
In order to allow for a direct quantification of the extraction efficiency of 229 Th ions, an MCP detector (Hamamatsu, type F2223, 27 mm effective diameter) was placed on the ion extraction axis behind the extraction electrodes (7) in Fig. 1 and was operated in a single-particle counting mode. The applied voltage was -2 kV, such that the positively charged ions were attracted by the MCP surface. A mass spectrum from 10 to 290 u was acquired. The QMS was operated at its resonance frequency of 925 kHz in the mass region from 10 to 200 u (the operational RF amplitude was varied from 78.71 V pp to 1574 V pp ). In order to allow also for a scan of the higher mass region, the resonance frequency was lowered to 825 kHz at the expense of mass-resolving power by using a larger inductivity. As the RF voltage amplitude, required for scanning a given mass over charge ratio, depends on the square of the frequency applied to the system, this enabled a mass scan up to 290 u (1816 V pp ). The operational parameters of the QMS used for 229 Th ion extraction in different charge states are listed in table 10.
The obtained mass spectra are shown in fig. 9 . Most of the peaks in the scan could be unambiguously identified. Unidentified peaks or doubtful assignments are indicated by question marks.
All assigned peaks could be shown to originate from the 233 U source. This was done by performing a reference scan, for which the source offset was set to 17 V (instead of the 39 V usually used for extraction) and therefore significantly lower than the voltage applied to the funnel entrance of 35 V. In this way, all ions originating from the source were repelled, while other ions were still extracted. This technique was exceptionally helpful for interpreting the mass scans in cases, when a significant amount of residual gas contamination was still evident in the vacuum system. To illustrate how well this technique works, corresponding mass scans are shown for the mass region from 74 u to 92 u in fig. 10 . The scans were performed shortly after a He bottle change, when still a significant amount of residual gas contamination (most likely hydrocarbons) was evident. Besides the 229 Th 3+ and 233 U 3+ signals, two further signals are unambiguously shown to originate from the source close to mass unit 90. A significant rise of these signals was detected always when traces of air had entered the stopping cell (e.g. via the gas feeding line after a change of the He bottle), in parallel a reduction of the 229 Th 3+ and 233 U 3+ signals occured. We therefore conclude that an argon adduct might be allowed for Th 3+ (also tentatively indicated in fig. 9 ).
As can be inferred, a dominant fraction of the extracted 229 Th recoil ions was found to be in the 3+ charge state. An absolute counting rate of (500± 60)/s at peak maximum was found. About 300 counts per second were found to be in the 2+ charge state, while only about 20 counts per second could be obtained in the 1+ charge state. These values do not take any detection efficiency of the MCP detector into account. Typical values of 40-60 % ion detection efficiency in the considered energy range of 2 to 6 keV, depending on the charge state, have been reported [34] . In addition to thorium, also uranium was extracted in the 1+, 2+ and 3+ charge state, presumably being sputtered off the source by the escaping α particles. Hydrogen, as well as oxygen, molecule formation is found to occur despite of the high vacuum cleanliness. Furthermore, the whole 233 U decay chain appears in the 2+ charge state. There are 4 further reproducible signals contained in the scan (as indicated by the double question marks in fig. 9 ), which were proven to originate from the source, but have not yet been identified. The 3 lines at m/q values of 79 u/e, 118.5 u/e and 237 u/e clearly correspond to the same mass of 237 u in different charge states. One further line is seen at m/q ≈ 56 u/e.
Silicon detector measurements
In order to validate the high 229 Th extraction rate in the 3+ charge state, a second measurement was As can clearly be seen, the extraction of α-recoil ions originating from the source is hindered by applying 17 V source offset. The scans were performed shortly after a He bottle change, when still some amount of residual gas contamination was evident.
performed, based on the subsequent α decay of 229 Th. This time a silicon detector (Ametek type BU-016-300-100, thickness 100 µm, active area 300 mm 2 ) was placed in the beam axis at a distance of about 25 mm to the extraction-electrode exit (7) in Fig. 1 . Furthermore, an MCP detector was placed sideways under an angle of 45
• to the electrode exit. The voltage of -2 kV, applied to the MCP detector surface, was high enough to attract and detect the ions, even though the detector was not placed along the beam axis. In this way, mass scans could be performed and the QMS was set to extract 229 Th 3+ with a mass resolution of ∆m/q = 1 u/e. It should be mentioned that, with this mass resolution, the daughter nuclides of 229 Th could be suppressed even in the 3+ charge state as having a mass distance of m/q = 4/3 u/e, while 228 Th 3+ from the 232 U decay chain was not significantly suppressed. When the QMS had been adjusted, the MCP voltage was taken down and instead a voltage offset of -1250 V was applied to the silicon detector surface to attract the ions. In order to allow for this voltage offset, the silicon detector was electrically isolated from its surrounding and the bias was short-circuited. In this way, the recoil ions were exclusively collected on the silicon detector surface for 5 days. From time to time mass scans were performed and the QMS voltages were adjusted if required. After 5 days of accumulation, the silicon detector was taken out of the setup and placed in a different vacuum chamber. The α decays, subsequently occuring on its surface, were registered and the resulting α energy spectrum was measured for 100 days of continuous detection (with a typical total decay rate of 8.3 · 10 −3 /s).
The corresponding α-energy spectrum is shown in fig. 11 . In order to interpret this spectrum, it should be noted that today's fraction of 232 U, contained as trace contamination in the 233 U source is N 232 /N 233 = (3.9 ± 0.4) · 10 −7 . Assuming the same extraction efficiencies for 229 Th and 228 Th, the expected relative activity in the α spectrum is estimated to be
Therefore, even though the fraction of 232 U in the source is small, the α spectrum is dominated by the decay chain of 228 Th. The relative activity derived from the α spectrum in fig. 11 amounts to A228 Th /A229 Th = 3.6 ± 0.7, and is therefore well in agreement with the expected value. The absolute number of detected 229 Th decays is measured to be 54 ± 5 per day. The uncertainty is dominated by the choice of the integration limits and a possible systematic background from a line overlap with 228 Th and therefore was estimated to be 10%. Under the valid assumption that 50% of all α particles are detected, as being emitted into the hemisphere of the silicon detector, the actually accumulated 229 Th activity is (1.25 ± 0.1) · 10 −3 s −1 . This leads to an absolute number of (4.5 ± 0.3) · 10 8 229 Th ions collected within 5 days. The absolute 229 Th 3+ extraction rate is then determined to be (1.0±0.1)·10 3 s −1 , which is even significantly higher than the rate obtained from the MCP based measurements. We attribute this difference to the detection efficiency of the MCP detector of about 50 %. The extraction and purification efficiency for 229 Th 3+ is accordingly determined to be (10 ± 2)%. Comparable measurements were performed to also determine the extraction efficiencies for α-recoil ions originating from isotopes contained in the decay chains from 229 Th and 228 Th downwards. The only differences to the measurement described above were that, due to the shorter half-lives of the considered isotopes, the measurement was performed in parallel to ion accumulation on the silicon detector. Also the measurement times were shorter (typically 2 hours). Especially for the detection of the very short-lived isotopes like 217 At and 216 Po, it was not possible to separate the accumulation and detection. In order to make the measurements comparable, the whole detection system was set onto a voltage offset of -1250 V. Ra) . This makes the measurements for Ra in all charge states a lengthy procedure, which was not performed. There is no α decay which would allow for the determination of the extraction efficiency for Tl.
Discussion and perspectives
For the combined extraction and purification efficiency of 229 Th 3+ from the MLL buffer-gas stopping cell, a value of (10 ± 2)% is obtained. This value is supported by two independent measurements, first by ion counting with an MCP detector, second from the successive α decay of 229 Th implanted onto the surface of a silicon detector. To our knowledge, this is the first time that a dominant fraction of α-recoil ions has been extracted in the 3+ charge state from a buffer-gas stopping cell. Usually, the dominant fraction of recoil ions is found to be in the 1+ or 2+ charge state. Indeed, this is also the case for all other nuclides in the 233 U decay chain except for thorium. We attribute this finding to the small 3+ ionization energy of thorium of just 20.0 eV and the high cleanliness of the extraction system as well as the fast extraction times in the ms range.
When the originally highly charged α-recoil ions are stopped in helium buffer gas, electrons are captured until the remaining ionization energy of the recoil ion is smaller than the ionization energy of helium (24.6 eV). In this case, it is energetically favourable for the electron to stay attached to the helium atom. However, even small amounts of impurities in the helium gas lead to further chargestate reduction of α-recoil ions. Therefore, only the combination of the exceptionally small 3+ ionization energy of thorium and the high cleanliness of the system did allow for the high 3+ extraction efficiency. For comparison, the 1+, 2+ and 3+ ionization energies of all atoms, which are contained in the decay chains, are listed in table 12 [36] . It is inferred that in this measurement only thorium and uranium can be significantly extracted in the 3+ charge state, which is in agreement with the obtained extraction efficiencies.
Detailed studies of molecule formation rates in a buffer-gas cell were carried out in [37] . However, only one value for thorium can be found, which is the rate constant for the reaction Th + +O 2 . The corresponding value of k = 6.0 · 10 −10 cm 3 /s [38] is the largest listed reaction rate. Thus thorium can be considered as a highly reactive element, which makes a highly purified stopping gas as well as a short ion extraction time prerequisites for an efficient thorium ion extraction. The stopping of thorium ions occurs within 40 mbar of He, which is catalytically purified, so that remaining gas contaminants reach the sub-ppb level (1 ppb is assumed for the following calculation). In this case, the contaminant molecule density is estimated to be ρ ≈ 1 · 10 9 1/cm 3 . When the number of ions in a considered charge state is denoted with n, the depopulation rate of this state by molecule formation is generally described by the differential equation dn(t)/dt = −kρn(t) [37] . In this way, the depopulation time constant reads τ = 1/kρ, which in the considered case takes the value 1.7 s −1 . This is an approximation for the timescale, in which molecule formation is expected to play a significant role. As the extraction time in the ms range is about 3 orders of magnitude shorter, molecule formation is expected to be suppressed, which is in agreement with the obtained measurements.
The extraction of
229 Th 3+ is of special importance, as it is the charge state which allows for a simple laser-cooling scheme, as will later be required for laser spectroscopy of 229m Th [39] . Therefore, the direct extraction of the 3+ charge state will significantly simplify any future approach of ion cooling. Moreover, to a large amount a purification of 229 Th can already be obtained by charge state separation. Taking into account also the mass resolving power of the QMS and a possible radio chemical purification of the 233 U source material, we state that a Th 3+ ion beam with practically no contamination by short lived daughter isotopes can be obtained.
The absolute extraction rate for 229 Th 3+ from our presently used 233 U source is found to be (1.0 ± 0.1) · 10 3 s −1 after mass purification and behind the extraction electrodes. This experimental finding allows for an up-scaling of our earlier estimates for the absolute counting rate and achievable signal contrast of a possible photonic decay of the isomeric ground-state transition of 229m Th [19] . Assuming 2% of all 229 Th recoil ions to be in the isomeric state, and assuming further loss factors due Table 12 . Ionization energies for the first 3 charge states of ions contained in the 233 U and 232 U decay chains. Only thorium and uranium exhibit 3+ ionization potentials which are below the 1+ ionization potential of helium (24.6 eV).
to ion collection, the UV optical system and the MCP detection efficiency to be 0.4, 0.2 and 0.1, respectively, the achievable UV photon counting rate is ∼ 0.16 s −1 for our present 233 U source strength. By optical calculations, an achievable focal spot size of 70 µm diameter was predicted. This leads to a signal to noise ratio of ∼ 830:1 for the currently used source, when a typical MCP dark count rate of 0.05 s −1 mm −2 is assumed. There is the possibility to increase both values by a factor of about 5, when using the previously described thinner uranium source with larger area. We finally conclude that the described experimental approach offers a realistic chance to detect the VUV fluorescence photons from the ground-state decay of 229m Th, even in case that a significant non-radiative decay branch exists. Further, the availability of a relatively strong and purified 229 Th ion beam opens the way to address other possible 229m Th decay branches, like internal conversion and phononic coupling to the carrier material.
